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Abstract

Materials & Methods

The unique adaptive ability of skeletal muscle to meet functional demands is exemplified in its response to
exercise. Though little is known about the molecular mechanisms that regulate this plasticity, the
extracellular matrix (ECM) is believed to play a large role. The basal lamina is a specialized layer of ECM
that lies in direct contact with the cell membrane of muscle fibers and facilitates environment-to-cell
interactions. Matrix metalloproteinase-9 (MMP-9) is an enzyme in the basal lamina that regulates much of
these adaptive processes. During exercise, the regenerative process of damaged tissue requires the
activation of muscle-specific stem cells known as satellite cells. Satellite cell activity has been proposed to
be activated by MMP-9; However, there are no studies that look at this interaction. Thus the overall goal of
the present proposal is to 1) determine the effects of MMP-9 on muscle hypertrophy via satellite cell
activation and 2) assess whether hypertrophy of the plantaris muscle observed after functional overload
(FO) is due to the increased size of existing muscle fibers or the addition of new muscle fibers. FO of the
plantaris muscle, a calf muscle responsible for ankle extension, was performed in WT and MMP-9
knockout (MMP-9 KO) mice (~4 mos of age) by removing the soleus and gastrocnemius muscles and
randomly placed into the following groups: 1) 2-day FO (n=5/group) and 14-day FO (n=5/group). A 0-day
time point for each group was added as a baseline control (n=5/group). Fluorescence
immunohistochemistry was performed using anti-Pax7 and anti-laminin antibodies to label satellite cells
and the basal lamina, respectively. There was a general increase in satellite cells after 14-days FO
compared to 0- and 2-days in both the WT and MMP-9 KO mice. There also was no observable trend or
pattern in fiber count between time points for both WT and MMP-9 KO mice. However as the sample size
is based on n=1 for each group at each time point no inference to statistical significance can be made. At
this juncture, more samples are being analyzed to determine these relationships.

Immunofluorescence

Step 1: Frozen plantaris muscle was sectioned at 10
μm using a Leica CM1950 crysostat.

Step 3: Sectioned tissue was incubated for 1 hr in
blocking solution (5% goat serum and 0.4% Triton X100 in PBS; pH 7.4).
Step 4: Sections were incubated in a primary antibody
cocktail containing mouse anti-Pax7 (1:100) and rabbit
anti-laminin (1:750) antibodies for 2 hr at room temp.
Step 5: Sections were incubated for 1 hr in a
secondary antibody cocktail containing Alexa Flour 488
conjugated goat anti-mouse (1:500) for anti-Pax7 and
TRITC conjugated goat anti-rabbit (1:500) for antilaminin.
Step 6: Sections were mounted on slides and stained
with DAPI (nuclear stain).

• The extracellular matrix (ECM) is a complex meshwork of
macromolecules that organizes the extracellular space between individual
muscle fibers and supports the structural integrity of the muscle (1).

• Satellite cells are myogenic stem cells that are important in the anabolic
response to exercise-induced injuries that induce muscle growth (4).

Step 7: Sections were imaged in the UPS Science
Core Facility using a Nikon fluorescence microscope.

Results
Satellite Cell and Muscle Fiber Count for Wild Type (WT) and MMP-9 Knockout (KO) Mice
0-day (baseline)

2-day FO

14-day FO

Materials & Methods
Functional Overload

2-day
28
44

14-day
78
69

Sample size of n=1 in both WT and MMP-9 KO groups

Table 2. Total muscle fiber count per section for both WT and MMP-9
KO groups
0-day
2-day
14-day
WT
936
1087
897
MMP-9 KO
955
928
1143
Sample size of n=1 in both WT and MMP-9 KO groups

Conclusions
• We successfully used anti-laminin immunofluorescence to visualize the
ECM (see Figure 5) and used this method to quantify muscle fibers in
plantaris muscle.
• Using the methods we established, preliminary results suggest that FO
leads to an increase in activated satellite cells in both WT and MMP-9 KO
mice (see Table 1) consistent with previous findings (4). Additionally, it
appears that increased muscle size is attributed to the growth of existing
fibers, not the addition of new fibers (see Table 2). However, due to a
small sample size, we cannot make any more inferences about these
data.

• Functional overload (FO) is a surgical technique that is used to increase
the load of a given muscle by removing its major synergists. In turn, the
remaining muscle hypertrophies as it “compensates” for the missing
muscles (5). The mechanisms by which these changes occur remain
laregly unknown.

Future Directions
MMP-9 KO

• The goal of this study is to determine the effects of MMP-9 on muscle
hypertrophy via satellite cell activation after FO and to assess whether
hypertrophy of plantaris muscle observed after FO is due to the increased
size of existing muscle fibers or the addition of new muscle fibers.

WT
MMP-9 KO

0-day
35
38

• Using our methods, we found that activated satelite cells can be
enumerated by co-localizing DAPI and anti-Pax7 signals (see Figure 4).

WT

• Matrix metalloproteinase 9 (MMP-9) is a member of the super family of 25
zinc-dependent matrix metalloproteinases that mediates ECM
degradation (2) and has been proposed to regulate satellite cell activation
(3).

Table 1. Quantification of activated satellite cells for both WT and
MMP-9 KO groups

Step 2: Tissue was fixed with 4% paraformaldehyde.

FIGURE 3. Schematic of indirect immunofluorescence.
Primary antibodies that bind specifically to target proteins are
tagged with fluorophore conjugated secondary antibodies.

Introduction

Results

• Finish analyses and data collection of the remaining muscle samples to
provide a larger sample size at each time point that can be used for
statistical analysis.

FIGURE 4. Activated satellite cell identification using indirect immunofluorescence in mouse plantaris muscle.
10 μm plantaris muscle cryosections were immunolabeled with anti-Pax7 primary antibody (green) and stained with DAPI
(blue). Shown are representative sections of WT and MMP-9 KO mice including non-surgical baseline controls (0-day),
and 2- and 14-day FO samples. Activated satellite cells were quantified by counting cells that had co-localized Pax7 and
DAPI signal, and are shown as circled cells in all panels. Scale is the same for all images.

0-day (baseline)

2-day FO

14-day FO

• Analyze other enzymes, such as other MMPs found within skeletal muscle
during the remodeling process, i.e., MMP-2, MMP-3, MMP-13, that could
provide a better understanding of the muscle remodeling mechanisms.
• In this study we were limited in counting satellite cells in cross sections of
the mouse plantaris muscle. Thus, unless the cut was performed directly
through a satellite cell within the muscle, it may not be counted. Therefore,
performing a full 3-D analysis of the muscle through the analysis of serial
cross sections may provide more accurate data.

Intact

Surgical removal
of synergists

Hypertrophy of plantaris

WT

• Since cross sections of the muscle were used to quantify fiber count, it is
possible that some fibers were lost during the cutting process. Therefore,
it may be more effective to isolate each fiber from the whole muscle to
quantify total fiber count.

References

FIGURE 1. Schematic of functional overload (FO). Left, synergistic posterior leg muscles
remain intact. Middle, surgical removal of the soleus and gastrocnemius forces compensation by
the plantaris. Right, compensation induces hypertrophy of the plantaris muscle. Taken from
Lieber (2002) (6).

1) LeBleu, V.S., MacDonald, B., & Kalluri, R. (1995). Structure and function of basement membranes.
The International Journal of Developmental Biology, 5(39), 1–9.
2) Rullman, E. (2011). Skeletal Muscle Matrix Metalloproteinase and Exercise in Humans. Karolinska
Institutet, Stockholm.
3) Kherif, S., Lafuma, C., Dehaupas, M., Lachkar, S., Fournier, J.-G., Verdiére-Sahuqué, M., Fardeau,
M., & Alameddine, H.S. (1999). Expression of matrix metalloproteinases 2 and 9 in regenerating
skeletal muscle: A study in experimentally injured and mdx muscles. Developmental Biology, (205),
158–170.
4) Adams, G.R. (2006). Satellite cell proliferation and skeletal muscle hypertrophy. Applied Physiology,
Nutrition, and Metabolism, 31(6), 782–790.
5) Baldwin, K.M., Edgerton, V.R., Roy, R.R., & Meadows, I.D. (1982). Functional significance of
compensatory overloaded rat fast muscle. Journal of Applied Physiology, 52(2), 473-478.
6) Lieber, R. L., & Lieber, R. L. (2002). Skeletal muscle structure, function & plasticity: The physiological
basis of rehabilitation. Philadelphia: Lippincott Williams & Wilkins.
7) Robbins, P.D. (2003).
Peptide-Mediated Transduction: Characterization, Optimization and
Application.

MMP-9 KO

Cross section of muscle

100 μm

FIGURE 2. Transmission electron micrograph of a cross section of muscle fiber. Left,
individual muscle fibers are separated by the extracellular space. Right, the enlarged image
shows the direct contact of the basal lamina to the cell membrane and the normal placement of
satellite cells – between the muscle fiber membrane and the basal lamina. Taken from Robbins
(2003) (7).

FIGURE 5. Anti-laminin immunolabeled mouse plantaris muscle cross sections used for myofiber quantification.
10 μm plantaris muscle cryosections were immunolabeled with an anti-laminin primary antibody (red). Representative
sections of WT and MMP-9 KO mice including non-surgical baseline controls (0-day), and 2- and 14-day FO specimens
are shown. Individual fibers as labeled by laminin were counted manually. Scale is the same for all images.
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